Abstract The 13-lined ground squirrel (Ictidomys tridecemlineatus) is capable of entering into extended periods of torpor during winter hibernation. The state of torpor represents a hypometabolic shift wherein the rate of oxygen consuming processes are strongly repressed in an effort to maintain cellular homeostasis as the availability of food energy becomes limited. We are interested in studying hibernation/torpor because of the robust state of tolerance to constrained oxygen delivery, oligemia, and hypothermia achieved by the tissues of hibernating mammals. The role of the serine/threonine kinase Akt (also known as PKB) has been examined in torpor in previous studies. However, this is the first study that examines the level of Akt phosphorylation in the liver during the two transition phases of the hibernation cycle: entrance into torpor, and the subsequent arousal from torpor. Our results indicate that Akt is activated in the squirrel liver by phosphorylation of two key residues (Thr 308 and Ser 473 ) during entrance into torpor and arousal from torpor. Moreover, we observed increased phosphorylation of key substrates of Akt during the two transition stages of torpor. Finally, this study reports the novel finding that PRAS40, a component of the TORC1 multi-protein complex and a potentially important modulator of metabolism, is regulated during torpor.
Introduction
The cold winter months of temperate climates can pose severe challenges for the animals inhabiting these areas. For warm-blooded animals, the defense against cold temperatures and finding enough food energy and water can be very difficult. Consequently, some small mammals and birds have adopted a strategy of regulated hypometabolism. The resulting hypometabolic shifts can range from daily light torpor bouts to winter hibernation that can last for many months (Geiser 1988; Storey and Storey 1990 ). The 13-lined ground squirrel, Ictidomys tridecemlineatus (Helgen et al. 2009 ), is capable of declining into a deep hibernation consisting of many torpor bouts that can last for several weeks at a time interspersed by brief periods of arousal (often less than 24 h) during which the body temperature (Tb) transiently returns to normal (Tb = 34-38°C). During torpor, the Tb of the ground squirrel can reach near ambient temperatures (0-5°C) and reduce its metabolic rate to less than 5% of its euthermic output. This strategy allows the ground squirrel to reduce its energy demands over the fall and winter seasons by almost 90% (Wang and Lee 1996) . At temperatures that would be lethal to human cells, the ground squirrel is forced to attenuate all non-essential ATP-consuming processes in an effort to preserve cellular energy much longer than would normally be possible. Not only is hibernation interesting from a comparative biochemistry point of view, but due to the robust state of tolerance achieved by animals in torpor to profound reductions in blood flow and capacity to deliver oxygen Frerichs et al. 1994) , it is a valuable model system for researchers aiming to improve human responses to such stresses.
Protein kinase B, also called Akt, is a serine/threonine kinase that plays a major role in many cellular processes (for reviews see Franke 2008; Huang and Manning 2009) . It belongs to the AGC family of protein kinases, which also includes protein kinase A (PKA), protein kinase C (PKC), protein kinase G (PKG), phosphoinositide-dependent protein kinase-1 (PDK1), and p70S6 kinase. Akt is downstream of phosphoinositide 3-kinase (PI3K) and is activated by phosphorylation in response to insulin or insulin-like growth factor (IGF) or various cytokines that mediate the progrowth effects of these signals. All members of the AGC protein kinase family need to be phosphorylated in the activation loop and the hydrophobic motif for maximal activity. In Akt, the phosphorylated residue located in the activation loop is Thr 308 , whereas Ser 473 resides in the hydrophobic motif (Fig. 1) . Threonine 308 is phosphorylated by PDK1 and Ser 473 is predominantly a substrate of TORC2 (''PDK2''). TORC2 is a multi-protein complex consisting of mTOR, rictor, sin1, and mLST8 (Sarbassov et al. 2005; Jacinto et al. 2006; Reiling and Sabitini 2006) . Activated Akt has many substrates playing roles in various and sometimes opposing processes such as growth/differentiation, protein synthesis (Whiteman et al. 2002) , glycogen storage, lipogenesis, apoptosis (Duronio 2008) , and lifeextension (Paradis and Ruvkun 1998) . Activated Akt can be protective in models of brain ischemia (Noshita et al. 2001) .
Because of its highlighted importance in metabolism, life-extension and other functions, Akt has already been examined in selected stages of hibernation in both ground squirrel, marmots, and bats (Abnous et al. 2008; Cai et al. 2004; Fleck and Carey 2005; Hoehn et al. 2004; Eddy and Storey 2003; Lee et al. 2002) . Previous results indicated that Akt activity as inferred by level of phosphorylation was generally reduced during torpor and Lee et al. (2002) found Akt activity increased in bat brain during arousal implying a decreased activity during torpor. Interestingly, Fleck and Carey (2005) found that the level of phosphorylation of Akt in the intestinal mucosa of torpid 13-lined ground squirrels was lower than in summer animals, and upon arousal levels returned to those in summer. In contrast, the total amount of Akt protein increased nearly 20-fold in this tissue during all stages of hibernation relative to summer. Hoehn et al. evaluated the seasonal regulation of Akt in the white adipose tissue of marmots from June to November. They observed a strong increase in Akt activity during the period of lipid accumulation (July and August) followed by a significant decrease in activity immediately prior to the hibernation season. To date, however, the pattern of Akt response over the entire torpor cycle from entrance to arousal has not been traced in the liver of any hibernating species. The present study examines Akt responses in liver of I. tridecemlineatus and shows that Akt is hyperphosphorylated during entrance into torpor and again during arousal. Moreover, this is the first study to show regulation of PRAS40 during torpor raising the possibility that TORC1 is involved in the robust state of stress (oligemia, hypothermia, constrained O 2 delivery) tolerance achieved in hibernating mammals.
Materials and methods

Animal treatment
Male and female 13-lined ground squirrels, I. tridecemlineatus ranging from 150 to 300 g (at the time of capture) were caught from the wild by USDA licensed trappers (TLS Research, Bartlett, IL, USA) annually in August. Animal housing and experimental procedures followed the guidelines set by the NINDS animal care and use committee (ACUC). Once caught, the squirrels were brought to the NIH and kept in quarantine to be sure they contained no infectious agents. As a prophylactic measure, all incoming squirrels were treated with 0.05 ml/squirrel of Profender to kill any parasites (3 mg/kg emodepside ? 12 mg/kg praziquantel). Each animal was briefly anesthetized with 5% isofluorane and injected subcutaneously in the intrascapular area with a sterile programmable temperature transponder (IPTT-300, Bio medic Data Systems) to allow daily monitoring of Tb without touching or disturbing the squirrel. While this system does not provide an exact measure of core Tb, it does provide a close estimate (±2-3°C) (data not shown); therefore, indicating the stage of hibernation in which the squirrels belonged. Ground squirrels were then housed in individual cages and fed water and standard rodent chow ad libitum. Animals were housed in the holding colony at 21°C under a 12 h light:12 h dark cycle until used for experimental purposes. To enable a natural transition into torpor, some squirrels were transferred to constant darkness in an environmental (TORC2) (TORC1) Activate Repress Fig. 1 A schematic presentation of the Akt/mTOR signaling network. Note, there are many other proteins and interactions involved in this system; however, the diagram has been simplified to contain only the interaction discussed in the contexts of this manuscript chamber held at 4-5°C. A red safe light (3-5 lux) was used when entering the chamber so as not to disturb torpid squirrels. Also, a heavy dark curtain was used to shield the shelves containing the cages and block the light and sound resulting from opening and closing the door to the environmental chamber. Once a squirrel was observed to descent into torpor, a small amount of saw dust was dropped on the back of the animal to be sure it did not move (arouse) in between monitoring periods. Tissues were collected from animals at six different stages of the hibernation cycle based on Tb, time, and respiration rate. ACR = active in the cold room for at least 3 days (Tb = 34-37°C). ACR animals were capable of entering torpor, but had not done so in the past 72 h and were chosen as the reference group to rule out environmental light and temperature effects. EN = entrance phase of torpor (18°C B Tb B 31°C) (animals were only harvested for an EN time point after at least two successive temperatures showed a declining Tb), ET = early torpor phase (Tb = 5-8°C for 1 day), LT = late torpor phase (Tb = 5-8°C for at least 5 days), E-AR = early arousal, spontaneously arousing from torpor with an increasing respiration rate C60/min and an increasing yet still reduced Tb (Tb = 9-12°C). The final phase IA = interbout arousal. These animals had previously been in deep torpor, but had since returned to normal Tb (Tb = 34-37°C).
To collect tissues at the desired time points, the squirrels were first anesthetized with 5% isofluorane and the rectal temperature was measured to verify the accuracy of the temperature transponder. The animal was then decapitated with a guillotine. The desired tissues were removed quickly, rinsed with ice-cold phosphate-buffered saline (PBS) and frozen instantly in 2-methylbutane chilled with dry ice (-50°C) and then stored in a -70°C freezer until use.
Western blots
Frozen livers were crushed on dry ice to create a fine powder which was then measured out into ice-cold RIPA buffer (25 mM Tris-HCl, pH 7.6, 150 mM NaCl, 1% NP-40, 1% Sodium deoxycholate and 0.1% SDS.) supplemented with protease inhibitor (Sigma-Aldrich) and phosphatase (Pierce) inhibitor cocktails. The tissue was homogenized using a polytron homogenizer and subsequently sonicated on ice for 10 s. The sample was centrifuged at 15,000g for 10 min at 4°C. A small aliquot of the supernatant was used for protein quantification and the remainder was diluted with 29 SDS sample buffer containing 5% b-mercaptoethanol and boiled for 5 min. Fifty micrograms of total protein was loaded and run on SDS-PAGE (4-20%) gels and transferred to PVDF for antibody probing. All antibodies were purchased from Cell Signaling Technologies (catalog numbers: total Akt-9272; P-Thr 308 Akt-9275, P-Ser 473 Akt-4051, P-Ser 9 GSK3b-9336, P-Thr 389 S6K-9205, P-Thr 37/46 4E-BP1, and P-Ser235/ 236S6-2211). (Cambridge, MA) except for phopsphoThr 246 PRAS (catalog number 07-888) which was purchased from Upstate Biotechnology (Temecula, CA). Antibodies were used at a 1:1,000 dilution in PBS with 5% milk protein. Subsequently, membranes were incubated with HRPlinked anti-rabbit IgG secondary antibody (1:2,000 v:v dilution) in PBST for 1 h and then blots were developed using the Immobilon chemiluminescent substrate solution from Millipore (Billerica, MA) according to the manufacturer's protocol. Bands were visualized using an Alpha Innotech fluorochem imaging system (San Leonardo, CA) and band densities were quantified using the associated AlphaEaseFC software. Single bands at the correct predicted molecular weights were observed in all cases.
Quantification and statistics
Western blot band intensities were standardized against b-actin. Data (means ± SEM, n = 5-6) were plotted relative to values for the ACR group which was arbitrarily set to equal one. Significant differences between all pair-wise combinations of timepoints were assessed using a one factor ANOVA. Tukey's honest significant differences (Tukey HSD) post hoc method was used to identify those factor-level comparisons having a significant difference (set at P \ 0.05).
Results
Figure 2 examines the total amount of the serine/threonine protein kinase Akt, as well as the level of phosphorylation of the two known Akt phosphorylation sites Thr 308 and Ser 473 . The total amount of Akt protein does not change significantly throughout the timecourse; however, the level of phosphorylation of the two residues necessary for full activation of Akt do show a distinct pattern of regulation. The amount of phosphoSer 473 Akt in torpid squirrel liver was roughly 50% that of the ACR animals, agreeing with previously reported studies (Abnous et al. 2008) . Intriguingly, the phosphorylation of Akt in the two transition phases, entrance and arousal, increased by about 2.4-and 3.7-fold, respectively as compared to the level of phosphorylation at the ACR timepoint. The level of phosphorylation of Thr 308 mimics the pattern of Ser 473 phosphorylation with the levels at entrance and arousal being roughly 2.0-and 3.2-fold higher than the ACR control and an overall decrease in phosphorylation during the middle of the torpor bout (E-Hib = 57%, and L-Hib = 77% as high as samples from ACR animals). The distinct pattern of Akt activation raises the possibility of Akt involvement in the transition between the active and torpid states of the ground squirrel. Also, the pattern of regulation argues against simple temperature effects as being primarily responsible for the observed results. If in fact TORC2 is the kinase responsible for Akt phosphorylation, mTOR would also necessarily be involved in this process.
Figure 3 depicts changes in the phosphorylation states of two Akt substrates, Ser 9 GSK3b and Thr 246 PRAS40, which mirror the pattern of Akt phosphorylation with large increases seen both in entrance and arousal. PhosphoSer 9 GSK3b content increased by about 2.5-fold in entrance and 2.6-fold during arousal whereas phosphoThr 246 PRAS40 increased by about 4.5-fold in entrance and 4.6-fold in arousal as compared with active control animals(ACR). Hyperphosphorylation of GSK3b has been shown to be anti-apoptotic in several experimental systems (Rayasam et al. 2009 ). PRAS40 is a relatively recently discovered protein and as such is not fully characterized. However, one of the defined roles of PRAS40 is to inhibit signaling through TORC1 by interacting with raptor (Sancak et al. 2007) . Only the dephosphorylated form of PRAS40 can inhibit TORC1 (see Fig. 1 ). Because PRAS40 is highly phosphorylated in the squirrel liver during entrance with the level of phosphorylation decreasing as the torpor bout persists and is then highly phosphorylated again during arousal, we infer that signaling through TORC1 may be important during these stages of torpor. Figure 4 examines the activation level of p70S6K as measured by the amount of phosphorylation of Thr 389 , a direct substrate of the mTOR serine/threonine kinase activity. This kinase is located downstream of TORC1 and is often used as a marker of TORC1 activity. The pattern of activation differs from that of phospho-Ser 9 GSK3b and phospho-Thr 246 PRAS40 in that the level of phosphorylation showed a trend towards increased phosphorylation during torpor; however, the differences are only significant at the ET and E-AR timepoints. The same figure also shows that phosphorylation of a well described substrate of p70S6K, ribosomal protein S6, is significantly downregulated throughout torpor. The current data does not provide a ready explanation for this discrepancy. It is possible that the kinases and phosphatases that regulate this system show differential susceptibility to changes in temperature or that the system has another level of regulation that has not been identified.
Another commonly studied substrate of TORC1 is the eukaryotic initiation factor binding protein 4E (4E-BP1). The dephosphorylated form of this protein disrupts cap- . ACR active in room, EN entrance into torpor, ET early torpor, LT late torpor, E-Ar arousal from torpor, and IA interbout arousal. Band intensities are standardized to the ACR value for each trial and normalized to b-actin. Data are means ± SEM, n = 5-6 animals per group. *Value is significantly different from corresponding ACR value, P \ 0.05 dependent translation and these effects are reversed by phosphorylation. As can be seen in Fig. 4 , the trend of 4E-BP1 phosphorylation is similar to that of Akt and its substrates (PRAS40 and GSK3b), with the highest level of phosphorylation achieved during entrance and arousal and the lowest levels seen in between these time points. The only data points significantly different from ACR were those of ET and LT, showing a strong reduction in the level of phosphorylation which agreed with a previous report on translation control in the liver of golden-mantled ground squirrels (van Breukelen et al. 2004) . The data presented here strongly suggests that TORC2 is activated during entrance into torpor and during arousal from torpor and there is support for TORC1 activation during these same periods. It is unlikely that the reason for activation is for stimulation of the pro-growth and differentiation pathways normally associated with mTOR activation. In fact, there are many examples of ATP-demanding processes such as transcription and translation being attenuated during torpor in the ground squirrel (Hittel and Storey 2002; Storey 2003) . Our results are no exception to this generalization. Figure 4 shows that the level of phosphorylation of the ribosomal protein S6 is strongly depressed throughout the torpor cycle, decreasing by almost 85% in late torpor as compared to ACR animals. Further studies will be necessary to unravel the mechanisms through which p70S6K in its Thr 389 phosphorylated state is prevented from phosphorylating and activating ribosomal protein S6.
Discussion
Akt has been studied for many years and we now know a great deal about this critical regulator of cellular processes; however, much work remains before we will fully understand all complexities of this system. Akt activity drives many anabolic pathways including protein synthesis by activating initiation and elongation factors of the translational machinery (Shah et al. 2000) . Akt is also known to oppose apoptosis by phosphorylating and inactivating several pro-apoptotic factors such as GSK3b, BAD, Forkhead family members, and pro-caspase-9 (Seol 2008) .
One of the ways Akt drives growth is by activating the serine/threonine kinase mTOR. The mammalian target of rapamycin is also a multifunctional regulator that controls cell growth, proliferation, metabolism, and autophagy in response to various growth factors, nutrient/amino acid levels and stress (Guertin and Sabatini 2007) . The protein functions as part of at least two mutually exclusive complexes, TORC1 and TORC2 (see Fig. 1 ). Rapamycinsensitive TORC1 promotes growth and translation. TORC2 is insensitive to the inhibitory effects of rapamycin except over prolonged periods of exposure and its major functions are actin remodeling and phosphorylation of Ser 473 in the hydrophobic motif of Akt. Activated Akt is required for most signaling events going through TORC1, including those downstream of insulin. For example, the tuberous sclerosis complex (TSC1/2) restrains cell growth through its GTPase activity towards Rheb which needs to be bound to GTP in order to activate TORC1. TSC2 is phosphorylated and inhibited by Akt preventing GTP cleavage. Also, PRAS40 binds to the TORC1 complex through its TOR signaling (TOS) domain. In the absence of pro-growth stimuli such as insulin, PRAS40 binds to raptor in the TORC1 complex and prevents access of other well-studied TORC1 substrates such as S6K and 4E-BP1. However, phosphorylation of Thr 246 by Akt releases PRAS40 from the TORC1 complex resulting in its sequestration by 14-3-3 proteins with as yet unknown functional effects (Kovacina et al. 2003) . Release of PRAS40 allows binding of TORC1 substrates and propagation of pro-growth stimuli.
Given the pro-growth actions of Akt and mTOR, it might be expected that the activity of these two proteins would be decreased during torpor, a state in which most ATP-consuming processes are reduced. Indeed, this is was initially found to be the case. The level of phosphorylation of Ser 473 in Akt was found to be reduced by approximately 50% in the brain, liver, muscle, heart, and kidney of torpid 13-lined ground squirrels as compared to the same tissues from active animals (Cai et al. 2004 ). Based on these results the authors concluded that instead of Akt playing a direct active role in the stress resistance associated with torpor, down-regulation of Akt activity by inhibition of Ser 473 phosphorylation was a component of the cellular regulation that confers stress tolerance during torpor. For example, the hypophosphorylation of Akt leads to the activation of FoxO transcription factors that transcribe genes for free radical scavengers such as catalase and Mnsuperoxide dismutase in addition to upregulating Gadd45a (growth arrest and DNA damage response gene) expression (Kops et al. 2002; Tran et al. 2002) . This is very plausible given the number of antioxidants known to be upregulated during torpor to fend off oxidative damage (Drew et al. 2002; Eddy et al. 2005; Morin and Storey 2007; Morin et al. 2008; Orr et al. 2009 ). Also, Fleck and Carey found that the amount of phosphorylated Akt was decreased in the intestinal mucosa in torpid squirrels as compared to summer animals (Fleck and Carey 2005) . However, the total amount of Akt protein increased nearly 20-fold in torpor and the authors suggested that this may be to create a pool of Akt available for rapid phosphorylation during arousal. In a more recent study (Abnous et al. 2008) , the level of phosphorylation and relative kinase activity of Akt was shown to be significantly reduced in both the liver and skeletal muscle of Richardson's ground squirrels during torpor as compared to euthermic controls. Hence, the data from the aforementioned studies pointed towards a limited role for Akt during the torpid state. However, there was a limitation to these studies as they only compared active versus torpid states and did not have access to tissues from animals representing the transition phases of entrance into torpor and arousal from torpor. The present study is the first to examine the state of Akt activation in the liver during these two critical phases of the hibernation cycle; it allows Akt to re-enter the ring as a potentially important transducer of key regulatory signals associated with mammalian hibernation. Figure 2 clearly shows that the level of phosphorylation of Akt fluctuates throughout the hibernation cycle. The results are in agreement with previous studies when looking solely at active versus torpid levels of Ser 473 phosphorylation. What makes this study unique and exciting is the level of Akt activity observed in entrance and arousal. The data shows that regulation of Akt phosphorylation does not simply follow the change in Tb as might occur, for example, from differential temperature effects on the kinases and phosphatases regulating Akt. The entrance time point included samples from animals with Tbs that were still relatively high (Tb = 18-32°C), but in the process of falling. Conversely, the arousal time point included samples from animals with Tbs that were low (Tb = 10-12°C), but in the process of increasing. Therefore, the behavior of Akt is an example of regulation of an enzyme at different stages of the torpor/arousal cycle at temperatures well below the normal functional range of most enzymes in non-hibernating mammals. Also, the data shows correlative evidence for TORC2 involvement in this process.
In addition to simply measuring the level of phosphorylation of Akt, the levels of phosphorylation of two known direct substrates of Akt were also examined. GSK3b is a multifunctional kinase most commonly known for its roles in glycogen storage/utilization and apoptosis. Phosphorylation of GSK3b at Ser 9 by Akt results in its inhibition. Under basal conditions, GSK3b inhibits glycogen synthesis and this inhibition is attenuated upon phosphorylation. However, it is unlikely that the reason for phosphorylation of this enzyme during entrance and arousal is for glycogen storage as the squirrels stop eating prior to entering torpor and, except for the brain, tissues switch over to a primary dependence on fatty acid metabolism to meet energy demands during torpor. Several studies have concluded that Akt inactivation of GSK3b is cytoprotective by blocking apoptosis. For example, both in primary microglial cell cultures and in an EOC 2 microglial cell line, Akt activity was necessary to prevent apoptosis when these cells were exposed to oxygen-glucose deprivation and virtually all of the protection conferred by Akt was lost when GSK3b was inhibited (Chong et al. 2007 ). The same results were found in a human hepatoma cell line where drug-induced apoptosis could be diminished by GSK3b blockade (Alexia et al. 2006) . This is the first study to report regulation of PRAS40 during torpor in any species. Due to its recent discovery, it is likely that a more varied role for PRAS40 will emerge in the years to come. As for now, PRAS40 is known to interact with the components of the TORC1 complex. Debate continues as to whether PRAS40's primary function is to inhibit TORC1 signaling (Sancak et al. 2007; Wang et al. 2007 ), act as a substrate for TORC1 (Oshiro et al. 2007 ), or both (Thedieck et al. 2007 ). There is evidence for all three scenarios. What is accepted is that PRAS40 is phosphorylated at Thr 246 by Akt and this is necessary for insulin-mediated activation of mTOR (Vander Haar et al. 2007 ). The situation has been further complicated by recent studies showing that PIM1, another Ser/Thr kinase implicated in several forms of cancer, can also phosphorylate PRAS40 at the Thr 246 residue (Zhang et al. 2009 ). However, it should be noted that this occurred when PIM1 was overexpressed above physiological levels and this phenomenon has not been observed under in vivo conditions. It has been difficult to define a clear role for PRAS40 because of the wide variety of techniques and models used in the published studies. Results from this study represent the natural physiology of a living system that has not been manipulated. This study suggests that PRAS40 phosphorylation may be a direct result of Akt activation and that this, in turn, de-represses mTOR activity as demonstrated by increased phosphorylation of the well-characterized mTOR substrate, S6 kinase.
Because mTOR activity is normally associated with progrowth and differentiation pathways, it may be surprising that increased mTOR activity was observed in a hypometabolic state such as hibernation. However, recent studies have linked mTOR signaling to stress and therefore may point to a pro-survival role for this enzyme. For example, hypoxia generally results in an overall decrease in mTOR activity in an effort to maintain energy homeostasis. The decrease in mTOR activity coincides with an increase in HIF1a activity that can be blocked by the mTOR inhibitor, rapamycin (Toschi et al. 2008 ). This indicates that mTOR is not simply ''on or off'', but that mTOR-driven processes are selectively regulated. So even though the majority of mTOR related activities are decreased in stresses such as hypoxia, selected substrate(s) (such as HIF1a) may be activated. Also, in a human prostate cancer cell line (PC-3), it was found that increased mTOR activity resulting from inactivating mutations in two endogenous inhibitors of mTOR signaling (PTEN and TSC2) rendered the cells more resistant to the deleterious effects of hypoxia (Kaper et al. 2006) . It is possible that the pro-survival pathways activated in this study are similar or the same as those activated in the ground squirrel during torpor leading to the robust tolerance to stress.
The most clearly defined role of mTOR signaling is activation of protein synthesis. It is well established that during torpor most energy-consuming processes such as transcription and translation are strongly reduced Martin 2001, and Storey and Storey 2004; Morin and Storey 2006) ; however, some genes and their protein products are selectively upregulated during torpor (Eddy et al. 2005; Morin and Storey 2007; Mamady and Storey 2006) . The increase in mTOR activity during entrance and arousal suggested by the data in the present study may be to support efficient translation during these phases so that upregulation of a few necessary proteins can be achieved. However, one should not discount other functions of these proteins that have yet to be uncovered. Hibernating animals provide an interesting model system for studying this intricate and complex pathway without having to manipulate signal pathways pharmacologically or by knocking down or overexpressing proteins at non-physiological levels. Because of the strong metabolic shifts that accompany the lifecycle of hibernators, this model system is ideally suited to elucidate the role of proteins linked to metabolism such as Akt, PRAS40, and mTOR. More work is needed to fully elucidate the signaling events required during the transition into and out of torpor; however, the work presented here provides insight for future studies. Also, the data presented here adds support to a hypothesis presented by Hoehn et al. that hibernators have the ability to uncouple Akt activity from circulating insulin levels in certain tissues (Hoehn et al. 2004 ). Finally, the results from this paper combined with those of Hoehn et al. as well as Fleck and Carey demonstrate that there are striking tissue-specific differences in the activity of Akt during the hibernation cycle and a better understanding of these systems employed by hibernators would be very valuable.
